Abstract: This case study describes how F.L.Smidth A/S, a manufacturer of large processing plants for cement production, has applied the principles of mass customisation in the area of highly complex, custom engineered products. The company has based its sales process on a configuration system to achieve a more efficient sales and engineering process. The implementation of the configuration system was accompanied by a radical redefinition of the modular structure of the company's product architectures. The project was carried out in cooperation with the Centre for Product Modelling (CPM) at the Technical University of Denmark and illustrates the methods developed at the CPM for the construction of configuration systems. The case analyses the implementation process of the configuration system and documents the results attained after implementation.
Introduction to the case company
A major challenge for companies offering complex and highly engineered custom products is to reduce delivery times, while simultaneously increasing productivity and product quality. To overcome these challenges, some mass customisation principles could theoretically provide great opportunities such as the development of solutions in the form of product modules that can be used for a multitude of different customer-tailored products. Once a modular product structure is implemented, product configuration systems can be used to facilitate a more efficient sales and engineering process. Product configuration systems support the selection, dimensioning, and combination of the modules based on the individual requirements of each customer. During the sales phase, product configuration systems also allow the direction of customers towards the preferred standard solutions outlined in the developed modules. Most cases of mass customisation focus on products with a rather limited complexity. This case study outlines an extreme example of the application of modular product structures and a configuration system, and demonstrates that this approach is also feasible and beneficial for very complex products such as a full-fledged cement plant.
The Copenhagen-based firm F.L.Smidth A/S delivers complete processing plants for cement manufacturing. Furthermore, the company supplies parts for processing plants and carries out the modernisation of existing cement plants. A cement plant consists of a number of departments for shale and limestone storage, the crushing of raw materials and coal, a kiln for burning cement clinkers, the grinding of cement clinkers, and the storage and packing of finished cement. The cement plants are built to accommodate the nature of the raw materials and requirements for production capacity, emissions, etc. A complete cement plant will typically cost about 150-200 million USD, and the throughput time for construction is two to three years. F.L.Smidth A/S has a worldwide market share of more than 50% (based on kiln capacity). The company's biggest competitor is Polysius, which has a market share of about 25%; a number of small competitors share the rest of the market. F.L.Smidth A/S is part of the FLS-industries group. In 2003, F.L.Smidth A/S had a turnover of USD 850 million and 2109 employees. The company data are summarised in Table 1 . Table 1 Overview of company data
Data as of 2005
Company data Name F.L.Smidth F.L.Smidth's customers include established cement manufacturers all over the world, in addition to state governments, public authorities, and financially strong private persons who have not previously been active in the area of cement production, but see a local business opportunity. The most important customer requirements and choice options when ordering cement plants can be summarised as follows:
• Price, including financing terms.
• Delivery time. Quick delivery reduces the risk of whether or not the produced cement can be sold in the future. Also, quick delivery means that the cement plant can operate at an early stage, thus contributing to a faster repayment of the invested capital. Lost manufacturing time caused by long delivery times of the cement plant results in a loss of sales for the customers of F.L.Smidth.
• Operating costs. The current costs of, e.g., manpower, energy, transport, and maintenance are crucial to the total profitability of the cement plant.
• Energy consumption and environmental impact (emissions). In recent years, an increased emphasis has been placed on minimising the energy consumption and emissions of cement plants.
In the early sales phase, F.L.Smidth must be able to present different solutions to the customer, providing a set of alternative setups regarding, e.g., capacity, operating costs, price, and energy consumption. There is increasing pressure on F.L.Smidth to deliver this information as fast as possible and make quick binding quotations. Within in the last years, the ability to come up with the right quotation for a new plant (or the remodelling of an existing plant) has become a major competitive advantage for F.L.Smidth. Given the complexity and uniqueness of each project, however, the company has to allocate plenty of its resources to the quotation process in order to meet this demand (given the scale of each project, one miscalculation can equate to a huge loss for the company).
This challenge motivated the company to develop and implement a configuration system for the elaboration of budget quotations. The design of the configuration system was based on a procedure for constructing configuration systems developed at the Centre for Product Modelling at the Technical University of Denmark (Hvam, 1999; 2001; Hvam and Malis, 2003) . Table 2 provides an overview of the suggested generic procedure for the design and implementation of configuration systems according to this framework. The purpose of this procedure is to provide guidelines for some of the most important questions when implementing a product configuration system: • How to analyse and rework the business processes that are to be supported with a product configuration system.
• How to analyse and model the product assortment to be included in the product configuration system.
• How to select and programme a product configuration system.
• How to implement the product configuration system within the organisation.
• How to maintain and further develop the product configuration system. The procedure starts in Phase 1 with the identification of business processes that are to be supported by the configuration system. The objective is to identify the most important specification processes and analyse the requirements of these processes (Schwarze, 1996; Tiihonen et al., 1996; Hansen, 2003) . Specification processes include the analysis of customer requirements, the creation of a product adapted to these requirements, and the definition of activities in order to distribute this product along the entire value chain. The latter activities represent the life cycle properties of the particular product (purchase, production, assembly, dispatch, installation, and after-sales service activities). In addition, the specification processes have to be analysed in regard to the company's overall strategic positioning (obviously, a cost leadership strategy requires different processes than quality leadership). Subsequently, scenarios of the future specification processes are outlined and evaluated and the most appealing scenario is selected. Based on this, the main structure of the configuration system is outlined, providing input for further work on the project budget and a plan of action for the following stages.
In Phase 2, the content and structure of the configuration system is described in more detail based on an intensive analysis of the product range and possible related life cycle systems, e.g., production, assembly, dispatch, application, and scrapping (Krause et al., 1993; Andreasen, 1998) . The products are analysed by drawing up the product range in a so-called product variant master (Hvam, 2001) , which is a description of the product's structure in form of its functions and properties, parts/modules, variations within the individual parts/modules, and relations between parts/modules. The aim of the product analysis is to achieve a general view of the individual product families and their potential variety. Moreover, the product variant master is an instrument to ensure that different employees of the company obtain a common perception of the product range's structure and the possibility of variety.
The following phases are related to the modelling and development of the IT system underlying the product configuration system. In Phase 3, object-oriented modelling is applied Jacobson et al., 1999) . Here, the product variant master serves as a basis for the identification of object classes and class hierarchies. Details concerning the individual object classes are described by means of so-called class description cards (CRC cards) (Bellin and Simone, 1997; Hvam and Riis, 2003) . The object-oriented model provides the basis for the models' actual programming (Cawsey, 1998; Tiihonen and Soininen, 1997) . In Phase 4, object-oriented design, the configuration software is chosen. During the programming stage of Phase 5, additional technical requirements are determined such as programme dynamics or integration into other IT systems of the company (most notably the integration of the configuration system with the ERP system). After finalising the programming and rollout of the configuration system in the organisation (Phase 6), the challenging Phase 7 of maintenance and further development of the configuration system begins. Figure 1 shows an example of the process of constructing and implementing a configuration system. As displayed in the figure, the different phases are processed various times when constructing, implementing, and maintaining a configuration system. The process is also iterative, as the development will often jump back and forth from one phase to another. The objective of the remaining paper is to describe and analyse how F.L.Smidth has applied this procedure for developing and implementing a configuration system in its operations. Remember that the main objective of this organisation is to improve the order taking and quoting process during the sales phase. 
Phase 1: analysis of specification processes
The first step in constructing a configuration system is the identification of the most important specification processes at F.L.Smidth. From the beginning, it was agreed that the sales process of making quotations was decisive for the company. During this sales-quotation process, the main interaction between the company and its customers takes place. The perception of the quality and professionalism of this sales process from the customers' perspective is an important antecedent of their decision to close a deal with F.L.Smidth. All of the cement plant's important matters are determined in the sales process. In doing so, the decisive performance parameters for the cement plant and the most important cost parameters must be planned at an early stage of the quotation process already. In order to be able to evaluate the potential for applying a product configuration system to support the quotation process, an analysis was made of the existing quotation process, including a summary of the most important goals of the quotation process as compared to the existing performance and elaboration of a future vision for providing quotations by applying a configuration system. Furthermore, great importance was attached to the delimitation of the configuration system in order to ensure that the project could be carried out. In the following, some of the major goals of the process of elaborating budget quotations are summarised. The goals of the quotation process are defined according to the company's strategy and through discussions with its sales representatives and the managers. The goals are then compared to the existing performance.
As it appears from the gap analysis in Table 3 , the application of a configuration system for elaborating budget quotations will result in a considerable reduction of the throughput time and consumption of resources, which means that all inquiries can be answered with a budget quotation. Without a configuration system, F.L.Smidth's employees are forced to prioritise the inquiries from customers, as there are not enough resources to answer all inquiries with a budget quotation. Studies on which inquiries lead to an order have shown that it is very difficult to evaluate whether an inquiry will result in an order. This means that some of the customer inquiries that were not followed up by an exact quotation from F.L.Smidth ended up at the firm's competitors. Therefore, it is imperative for F.L.Smidth that all inquiries are answered with a budget quotation in the shortest amount of time as possible. The configuration system must be able to make budget quotations on the basis of input relating to plant size, types of raw material, fuel data, process choice, or emissions requirements. Some countries also require a specific percentage of locally produced components of the cement plant (local content requirements). The output of the configuration system will be a budget quotation comprising:
• an outline of the content of the quotation, preconditions, and financing terms
• a cost estimate
• project parameters like operating time, capacity, emissions, etc.
• a flow chart (mass flow) of the entire cement plant
• flow charts of plant departments, including mechanical descriptions
• a description of the main machines, including elementary diagrams
• a general description of electricity and control
• timetable design, manufacturing, and erection of the cement plant.
The budget quotation is created as a Word file with a macro programmed in MS Word, which receives from the configuration system inputs (texts and drawings) relating to the individual elements of the chosen configuration. A budget quotation typically contains 100 to 200 pages of text and drawings. 
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Phase 2: product analysis
The product analysis is carried out by using a product variant master. However, before discussing this phase, the elements and modular structure of cement plants developed by F.L.Smidth are to be briefly outlined. A cement plant consists of processing units, which again comprise a number of departments consisting of a series of machines. Figure 2 shows an example of how a cement plant can be split up into processing units, departments, and machines. Processing units are defined by the component numbers 100-900. The individual processing units are defined by their function, capacity, etc. Moreover, there is a well-defined interface between the individual processing units. By way of example, a raw mill can be mentioned, which grinds raw materials into powder before it is burned into clinkers. The interface between the raw mill and the kiln is defined by the piping of cold and warm air to and from the raw mill, and the number of cyclones, which can be between two to four. Unit 500 is an example of a processing unit that handles the grinding of cement clinkers. Processing unit 500 consists of the following departments:
• feeding silos
• cement mill
• separator
• the driving line for the cement mill (motor, gear, etc.).
There are different solution principles for the individual departments. The individual solution principles are defined by their function, capacity, etc., and by the incoming machines. The configuration system is based on the application of basic modules. A basic module is a collection of machinery and equipment that carries out a function within the cement plant such as the storage of coal or grinding of cement clinkers. The idea behind the use of basic modules is to identify the main machines, which define the capacity, etc., of the cement plant and determine 80% of its price. The basic modules are specified at a detailed level including lists of machinery and the auxiliary equipment. In the configuration system, a basic module is defined by its function, capacity, price, and other factors such as emissions, operating times, energy consumption, etc., and this definition Service departments (buildings, control units, etc.) is standardised both in regard to the incoming machines and to interfaces with the other departments. Moreover, the configuration system includes rules for the potential combinations of the individual basic modules.
In such, the configuration system only includes main functions in the cement factory defined as basic modules. Equipment that connects the basis modules, such as conveyor belts or cyclones, is not included in the configuration system, as these parts are not decisive for the price or capacity of the cement plant. Consider limestone storage as an example of a basic module (department 131, LHO (Longitude Homogenisation Storage)), which consists of an incoming conveyor belt, the stock itself, and an outgoing conveyor belt. For this type of storage system, a basic module has been defined for the incoming conveyor belt, the outgoing conveyor belt, and both long and short LHO storage. Basic modules are also defined for other types of storage, e.g., side-scraper and circular storage, the same way as for LHO storage. In addition, the individual basic modules come in different sizes corresponding to the capacity of the cement plant, e.g., 2000, 3500, 5000, 7500 tons per day. Based on the basic modules, additional price and weight curves have been calculated and are stored for all appropriate individual machine and auxiliary equipment as shown in Figure 3 . 
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A price curve is based on previously manufactured main machines. The price and weight curves are made by entering capacity, price, and weight data for previously manufactured machines of the type in question (typically three to five main machines). Next, a curve is plotted, showing the price and weight for machines that have not previously been manufactured. The main machines of the basic modules are stored as lists of machines in the product database, which contains information about all incoming parts of the previously manufactured cement plants with reference to drawing number, list of parts, assembly specifications, etc. After this, the list of machines is priced in the quotation system (PPS), which is currently updated in regard to price of materials, foreign exchange rate, etc. The use of basic modules and price curves makes it possible to combine and scale the basic modules by applying a configuration system. As a result, a cement plant is devised according to the existing raw materials and the required capacity, operating time, emissions, etc.
To support the detailed description of the individual parts within the configuration system, a product variant master is applied (Hvam, 2001 ). The product variant master's structure encompasses:
• The primary functional characteristics and other attributes of the cement plant, e.g., capacity, fuel, altitude, characteristics of raw materials, and the finished cement manufactured.
• Flow of material. Characteristic of the individual processing units.
• Mass flow. Description of the primary process of capacity indication and other operating conditions.
• Departments. Description of the individual departments with capacity indication and other operating conditions, and their relation to mass flow, arrangements, and choice of machine type.
• Life cycle properties including operating costs, spare parts, and wearing parts. Figure 4 shows a small section of the product variant master, exemplifying the description of departments. This excerpt shows the handling of raw materials and includes characteristics of the incoming raw materials (e.g., limestone and shale), conveyor belts, stocks, and crushers. During the construction of the product model, many useful discussions arose about the construction of the cement plant's individual parts and their relationship to other parts of the cement plant. The product variant master and the CRC cards have served as a kind of contract between the quotation group and the product experts in relation to the options offered by the quotation group to the customers of F.L.Smidth. In addition, the structuring of the product variant master also resulted in several improvements to different parts of the cement plant. One example is the construction of the cement mills.
Here, construction could be optimised in relation to gears and bearings, resulting in a reduction of the number of different cement mills from around 100 to 8. In conjunction with the structuring of the product variant master, a number of details regarding the individual nodes have been described by the use of CRC cards (Hvam and Riis, 2003) . CRC cards are used to capture a detailed definition of attributes, constraints, and calculation rules for each node of the product variant master. CRC card details are outlined in the next section. The product variant master has been elaborated in a number of meetings between the configurator group and the product experts at F.L.Smidth. In between meetings, individual participants obtained supplementary information on the products and contributed to the completion of the CRC cards by filling in details. The product variant master gives an overview of the construction of both the cement plant and the configuration system. Moreover, it forms the basis of the structure of the object-oriented class model in the next phase, which includes a detailed analysis and construction of an object-oriented model (OOA). Thus, the CRC cards are used in conjunction with the product variant master in Phase 2 as well as the object-oriented class model in Phase 3.
Phase 3: object-oriented analysis
In Phase 3, an object-oriented class model is constructed on the basis of the structure of the product variant master. Figure 5 shows a section of the class diagram for the two subject layers Product and Function, respectively. The class model consists partly of a number of part-of structures such as the handling of raw materials, which comprises the classes Limestone grinders, Limestone transport, and storage, and partly of a number of kind-of structures such as storage, of which there are three different types: the circular bridge scraper store, the side scraper store, and the longitudinal bridge scraper store. The individual classes of the model are described by using so-called Class Responsibilities Collaboration cards (CRC cards). Figure 6 provides an example of a CRC card for the class '500 Cement grinding'. Listed on the CRC cards are the class name, author/responsible person, date of creation and latest changes, and the relation to the rest of the model, i.e., the class is placed in an aggregation structure with the class Cement plant as the main class, and the classes Cement Mill Feed, Cement Transport, UMS Mill, and OK Mill as sub-classes. The field 'Responsibilities' contains a brief explanation in an ordinary text, describing what the class does. In this case, the class carries out a mass-flow calculation and defines the capacity measured in clinker capacity and cement capacity. On the CRC card, some of the characteristics describing cement grinding are indicated under attributes, in this case e.g., capacity for cement and clinkers, production time per day, or number of production days at the stock. Under product methods, examples of rules for calculating capacity or gear size are indicated, e.g., if a cement grinding station has been chosen from the scope list, there must always be a heat generator. The individual classes and the CRC cards attributes are named by known domain names that are already used in daily operations. It is, therefore, easier for F.L.Smidth employees to gain an overview of the model and discuss and evaluate the content of the model.
It was chosen not to express methods with formal notation like Object Constraint Language (OCL) (Warmer and Kleppe, 1999) or pseudo-code. Instead, the aim was to express product methods, etc., by an ordinary language together with formulas and tables. This choice has been made in order to make the model easy to understand for product experts and other employees at F.L.Smidth.
The structure of the system's user interface is based on the model constructed (product variant master, class diagram, and CRC cards) and a number of use cases. Moreover, the user interface is constructed according to the principle of following the material flow within the cement plant. One of the first screen images shows the material supply to the plant, followed by a specification of the requirements of the individual parts of the cement plant, followed again by a definition of the material flow of the plant. Finally, the type of transportation of the cement from the plant is specified. In addition to this, there are screen images related to the main functions of the cement plant such as the quality of raw materials, operating times and emissions.
Phases 4 and 5: object-oriented design, choice of software, and programming
An important decision when implementing a configuration system is the choice of the software system, i.e., whether a proprietary or a standard software should be selected, and from which vendor. In the case of F.L.Smidth, this decision was supported by an existing database that compares the features of different product configuration systems (documented at http://www.produktmodeller.dk/review/results/results.html). F.L.Smidth's choice fell on a standard software product, the 'E-Configuration Enterprise' by SSA Global. This configuration system is object-oriented, which among other things means that the class model from Phase 3 can be implemented directly in the configuration system. This facilitates the programming task and allows the direct use of the class model and CRC cards as configuration system documentation. In addition to this, the class structure makes it possible to make changes in a single class (especially in the classes that are placed at the bottom of a hierarchy) without evoking any effects on other classes. This makes it easier to ensure continuous further development of the configuration system. The programming task is based on the product variant master, the class diagram, and the CRC cards. Prototypes have been made regularly and parts of the system were programmed and tested whenever there was uncertainty about whether the rules or calculation in question could be implemented.
Just before the implementation of the configuration project, F.L.Smidth had completed another major IT project that did not achieve the expected results. This was one of the reasons why the company's management wanted a small-scale project with only two to three employees involved, and a stand-alone configuration system that was not integrated in the firm's other IT systems. The project's catchword was 'keep it simple', and one of the project group's most important tasks was to focus on the 20% of the cement plant that denotes 80% of the price. This meant that details that were irrelevant to the cement plant's price were not included in the configuration system. The company started using the configuration system in 2000 after an intensive testing stage. Selected users tested the system and the sales representatives using the system were trained. The first version of the configuration system was implemented in the organisation in 2000. Before this, the system had been thoroughly tested in order to ensure that it was as accurate as possible. In addition, a number of system tests had been carried out with selected users in order to gain input on the system's mode of operation and user interface, and to establish progressive acceptance. In conjunction with the system's implementation, training courses were offered for its users to demonstrate how the configuration system had been constructed. In addition, the company appointed two 'super users' who were in charge of developing the configuration system and instructing other users on the configuration system.
Phase 7: maintenance and further development
The original project group was dissolved in 2000, after which a configuration team was established, which became responsible for the operation and further development of the configuration system. In addition, an advisory group was formed to collect and discuss data on the experiences gained from actual use of the configuration system, and to contribute to a current update of the configuration system (Figure 7) . The responsibility for the updating task lies with the individual departments. The advisory group assists the configuration team in controlling whether product experts within the individual departments update knowledge in the configuration system. During the years 2000 and 2002, approximately 40 to 70 person-weeks per year were required to operate and maintain the configuration system. The product variant master and CRC cards are used for the documentation of the knowledge stored in the configuration system. The class model had been developed on the basis of the product variant master, but is used solely in conjunction with the programming of the configuration system, i.e., the dialogue with product experts and other employees takes place via the product variant master and CRC cards. A continuous revision of the documentation and configuration system is carried out by the application of version numbers. 
Evaluation
On the whole, the experiences gained from the application of the configuration system have been positive for F.L.Smidth. In the beginning, sales representatives were hesitant to use the system, as its application seemed to break with their successful order taking routines. The problem was overcome by assigning a person from the configuration team to each sales representative, who helped them configure the system. Shortly later, sales representatives felt confident enough to use the system on their own. Figure 8 shows how the configuration system is applied in today's budget quotation process. There are different settings of usage:
• An employee from the sales department can (maybe together with a super user) use the configuration system to make a budget quotation for a customer. Together with the customer, the sales person will determine all the necessary input for the configuration system.
• For more complex projects, an employee from the sales department often gathers a group of specialists and a super user for a few meetings of one to two hours each to determine how to provide a configuration of a plant that best suits the customer's requirements, based on all available customer input. The group jointly determines the necessary input based on a customer inquiry and carries out the configuration and budget quotation, the result of which is subsequently checked for possible errors and omissions before it is sent to the customer. This procedure ensures that all relevant input and specialist requirements are already included in the initial budget quotation.
• The last setting is geared to sales representatives, specialists, or others who use the configuration system as an expert system to find information about, e.g., solution principles, arrangements, prices, or capacity of the different machine sizes. This information is helpful in early sales stages, and for communicating the manufacturer's basic capabilities and competences. In 2003, the configuration system had been used for basic budget quotations of about USD 3.2 to 3.5 billion and detailed quotations of about USD 5.5 billion, resulting in orders of about USD 0.5 billion. Given the typical order size of USD 35 to 200 million, the overall costs of development and implementation of the configuration system of approximately USD 1 million (up until 2000) seem very reasonable. Today, operating costs of the configuration system are around USD 100,000 per annum. The application of the configuration system has enabled F.L.Smidth to reduce resources for the elaboration of quotations by 50%. The configuration system ultimately means that sales representatives do not have to burden engineering specialists with the elaboration of budget quotations. At the same time, the period from a client request to the signing of the final contract has been considerably reduced. Furthermore, the configuration system enables F.L.Smidth to respond to all requests with a quotation. Just one extra order placed with F.L.Smidth covers the costs of the configuration project several times over. In relation to the sales process, the application of the configuration system has also contributed to a range of additional advantages:
• The company achieves more structured negotiations with the customer.
• Budget quotations become more homogeneous and of better quality, as all relevant aspects are covered. The difference between costs calculated in the budget quotation and the actual costs is reduced.
• The configuration system ensures that the salesperson obtains all the necessary information before the budget quotation is made.
• The application of default values means that a quotation can be made at an early stage with only very little customer input.
• It becomes possible to simulate different solutions for the customer.
• The configuration system can optimise the cement plant in relation to, e.g., the selection of previously produced parts and parts produced by FLS companies.
• Communication with the customer can be improved. Quotations generated by the system are targeted to business people, i.e., they focus on the plant's main performance aspects and basic technical matters that influence its price and/or the performance. In addition, the configuration system enables the company to optimise the cement plant in relation to parts already constructed and in use within the FLS group. Thus, one of the most important benefits of the configuration system is that customers can be led to select F.L.Smidth standard solutions instead of specialised/customised solutions, which, when viewed in the context of the overall project, are often of rather secondary importance to the customers while being major cost drivers for the manufacturer. Specialised solutions result in a significantly higher workload, leading to delays and uncertainty for the whole project. F.L.Smidth learned that most customers prefer a mass customised solution (consisting of standard parts and components) at a fixed time and price to a customised solution, which is more expensive and has longer lead times.
Finally, today's employees of F.L.Smidth consider the configuration project as a major means of internal knowledge sharing. The process of modelling the product variant master, class model, and CRC cards has offered a unique opportunity to establish an overview of the total scale of cement plants that F.L.Smidth seeks to offer the market. Also, the application of the configuration system has facilitated the sharing of experiences from individual customer-specific projects. The configuration system has introduced a new way of working at F.L.Smidth: as the company has grown more aware of experience between the individual customer projects, improvements and the optimisation of its offerings and sales process are becoming an ongoing activity. In order to strengthen these achievements, an independent department responsible for modularisation and configuration has been established.
